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ABSTRACT are common in the southeast Coastal Plains and south-
ern Piedmont. Given the extensive area that is treatedHigh-intensity storms that occur shortly after chemical application
with pesticides in this region, particularly during thehave the greatest potential to cause chemical runoff. We examined
months of March, April, and May, it is likely that ahow effectively current chemical transport models GLEAMS, Opus,

PRZM2b, and PRZM3 could predict water runoff and runoff losses storm of sufficient magnitude to cause surface water
of atrazine [6-chloro-N-ethyl-N9-(1-methylethyl)-1,3,5-triazine-2,4- runoff will occur on some fields that have recently been
diamine] under such conditions, as compared with observations from treated with pesticides.
a controlled field runoff experiment. The experiment was conducted Field studies of pesticide runoff typically depend on
for 2 yr using simulated rainfall on two 14.6- by 42.7-m plots within the occurrence of natural rainfall because simulated
a corn (Zea mays L.) field on Tifton loamy sand (fine-loamy, kaolinitic, rainfall cannot be generated at hectare and larger scales.thermic Plinthic Kandiudults) under conventional tillage practices.

Micro-scale plots (microplots), typically 5 to 50 m2, areFor each plot-year, atrazine was applied as surface spray immediately
commonly used with rainfall simulators. While valuableafter planting and followed by a 50-mm, 2-h simulated rainfall 24 h
in specific pesticide transport studies, microplots arelater. A similar preapplication rainfall and four subsequent rainfalls
thought to overestimate pesticide runoff as comparedduring the growing season were also applied. Observed water runoff

averaged 20% of the applied rainfall. Less runoff occurred from freshly with typical field studies. This is more likely due to the
tilled soil or under full canopy cover; more runoff occurred when severe conditions often used in microplots (Wauchope
nearly bare soil had crusted. Observed total seasonal atrazine runoff et al., 1995; Wauchope and Burgoa, 1995). Moreover,
averaged 2.7% of that applied, with the first posttreatment event microplots cannot adequately represent typical agricul-
runoff averaging 89% of the total. GLEAMS, Opus, PRZM2b and tural management practices and the major characteris-
PRZM3 adequately predicted water runoff amounts, with normalized tics of a typical field. In the early 1990s, Coody et al.root mean square errors of 29, 29, 31, and 31%, respectively. GLEAMS

(1990, 1994) developed a rainfall simulator for use onand PRZM3 predicted atrazine concentrations in runoff within a
intermediate-scale plots, typically 500 m2, sometimes re-factor of two of observed concentrations. PRZM2b overpredicted
ferred to as “mesoplots.” This equipment made it feasi-atrazine concentrations. Opus adequately predicted atrazine concen-
ble for worst-case pesticide runoff studies at neartrations in runoff when it was run with an equilibrium adsorption

submodel, but significantly underestimated atrazine concentrations field scale.
when it was run with a kinetic sorption submodel. Perhaps the most useful role of mesoplot studies is to

test chemical transport models for a variety of scenarios.
Simulation models are efficient analytical tools to evalu-
ate the effects of various agricultural management prac-Pesticide runoff from agricultural fields is greatest

when heavy rainfall occurs shortly after soil surface tices on surface and ground water quality. They are
especially valuable for predicting system behavior underpesticide applications (Wauchope, 1978; Leonard, 1990;

Squillace and Thurman, 1992). Although this kind of a wide range of conditions that may be economically or
technically impossible to investigate by experiment.scenario is infrequently observed on any given site,

storms that cause significant amounts of surface runoff Two models, GLEAMS and PRZM, have been applied
extensively for pesticide leaching predictions (Carsel et
al., 1985, 1986; Leonard et al., 1987; Sauer et al., 1990;
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Table 1. Means (n 5 24) of measured soil and soil hydraulic properties of the major diagnostic horizons of Tifton loamy sand at the
Abraham Baldwin Agricultural College research farm.

Depth Sand Silt Clay OC† usat† u33† u1500† r† Ka
s† Kg

s†

m % m3 m23 Mg m23 cm h21

0.00 to 0.29 84.6 9.3 6.1 0.79 0.381 0.141 0.047 1.64 18.7 12.1
0.29 to 0.62 63.4 11.4 25.2 0.34 0.362 0.215 0.149 1.69 8.75 4.54
0.62 to 0.92 62.9 11.0 26.1 0.24 0.373 0.257 0.162 1.66 12.7 3.52
0.92 to 1.11 62.3 10.6 27.1 0.12 0.366 0.259 0.177 1.68 6.02 3.35
1.11 to 1.43 60.4 11.8 27.8 0.02 0.362 0.281 0.187 1.69 1.71 0.49
1.43 to 1.60 48.3 15.8 35.9 0.01 0.377 0.291 0.224 1.65 2.01 0.19

† Organic carbon; usat, u33 and u1500 are volumetric soil water content at 0-, 33- and 1500-kPa suctions, respectively; r is soil bulk density; and Ka
s and Kg

s

are the arithmetic and geometric means of saturated hydraulic conductivity, respectively.

sion 2.10), Opus (version 1.9), PRZM2b, and PRZM3 degradation using a model developed by Soulas (1982).
However, there is not much evidence that this biodegra-models for predicting atrazine runoff under severe rain-

fall conditions. Predictions of surface water runoff by dation model has been frequently used because of the
extensive data requirements. Opus uses the pesticideGLEAMS, Opus, and PRZM2 were reported earlier

(Ma et al., 1998). They were included here to compare degradation model developed by Walker (1974) to de-
scribe temperature- and moisture-dependent degrada-with those predicted by PRZM2b and PRZM3. We in-

cluded surface water runoff also because atrazine runoff tion. Opus also accounts for the effect of microbial activ-
ity on pesticide decay by assuming that the decay rateis closely related to water runoff.
below the microbial-active zone (about 0.2 m) is a user-
defined fraction of the surface soil decay rate.

MODEL DESCRIPTION All models assume that pesticide adsorption follows
a linear, instantaneous equilibrium adsorption isothermDetailed descriptions of GLEAMS, Opus, PRZM2b,
described by:and PRZM3 models have been presented elsewhere

(Carsel et al., 1998; Leonard et al., 1987; Smith, 1992). Cs 5 KdCl [1]
Briefly, GLEAMS estimates surface water runoff on

where Cl (mg L21) and Cs (mg kg21) are pesticide con-the basis of the Soil Conservation Services (SCS) curve
centrations in solution and on adsorbed phase, respec-number method driven by daily rainfall, with modifica-
tively. Kd (L kg21) is the pesticide equilibrium adsorp-tions that relate the curve number to daily soil water
tion coefficient, which is chemical- and site-dependent.content in the root zone (Williams and Nicks, 1982). The
Kd is often related to Koc (L kg21), the normalized equi-PRZM2b and PRZM3 models also use curve number
librium adsorption constant on soil organic C content,method, but relate the curve number to soil moisture
which is primarily chemical-dependent (Chiou et al.,limits in the surface zone (top 0.3 m) (Haith, 1979).
1979).The soil moisture limits are calculated from soil water

Opus has an option to describe pesticide sorption by acontent in the surface zone and are simplified to match
kinetic sorption submodel, which assumes that pesticidethe three antecedent soil moisture conditions based on
concentrations in the adsorbed phase change with time5-d antecedent rainfall by SCS (USDA-SCS, 1972). In
in proportion to the extent of the non-equilibrium. Thisthese associations, a 1-cm difference in soil water storage
process is described by:is assumed among the three soil moisture limits. In

Opus, the user can select an infiltration-based runoff dCs

dt
5 v(ClKd 2 Cs) [2]model which requires detailed breakpoint rainfall input,

or a modification of the SCS curve number method
as that used in GLEAMS (Williams and Nicks, 1982; where t (h) is time, and n (h21) is a kinetic sorption
Williams et al., 1984). We used the daily hydrology
option. Table 2. Actual rainfall amounts for simulated rainfall events

GLEAMS, PRZM2b, and PRZM3 use a “tipping measured using catch-up cups and rain gauges.
bucket” approach for calculation of water flow down-

Measured rainfall amount† (mm)
ward in the soil profile, which is based on soil layer

Simulated rainfall eventsfield capacity (33 kPa suction), wilting point (1500 kPa
Plots 1 2 3 4 5 6suction), and saturation point. Opus simulates water

1992retention and hydraulic characteristics using a modifica-
A 49.95 6 0.55 52.81 6 0.64 51.72 6 0.73 52.27 6 0.60 50.0 50.0tion of the Brooks-Corey functions (Brooks and Corey,

(40–59) (43–61) (41–67) (43–61)1964; Smith, 1992). B 53.48 6 0.71 51.65 6 0.48 50.32 6 0.55 51.63 6 0.61 50.0 50.0
(44–64) (46–59) (37–60) (42–63)All four models assume first-order decay for pesticide

1993dissipation. GLEAMS and PRZM2b ignore the effects
A 50.74 6 0.68 52.50 6 0.54 51.20 6 0.57 52.27 6 0.60 50.0 50.0of temperature and soil water content on pesticide de-

(39–61) (46–61) (43–59) (43–61)cay. PRZM3 uses a Q10 parameter, which is the increase B 49.37 6 0.61 50.43 6 0.69 52.91 6 0.59 48.51 6 1.72 50.0 50.0
(40–58) (41–61) (42–61) (40–69)of degradation rate with 108C increase in temperature,

to describe temperature-dependent degradation. Also, † Mean plus standard error. Values in parentheses are range of measured
rainfall amount (mm).both PRZM2b and PRZM3 can simulate pesticide bio-
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Fig. 1. Daily natural rainfalls for the experimental site for 1992 and 1993.

rate coefficient. Note that this kinetic sorption model Opus. While in PRZM2b and PRZM3, optional “special
actions” allow for users to assign new values to someis different from a two-site or bi-continuum sorption
time-dependent variables for a specified period of time.model in which a fraction of the sorption sites is in
These variables include runoff curve number, soil bulkinstantaneous equilibrium while the rest of the sites are
density, and pesticide adsorption coefficient. This fea-in kinetics (Rao et al., 1979; Brusseau and Rao, 1991;
ture of PRZM2b and PRZM3 can be used to calibrateMa et al., 1995; Ahuja et al., 1996).
the effects of management practices and soil surfaceIn GLEAMS, PRZM2b, and PRZM3, the amount of
cover on model variables.pesticide runoff is calculated from water runoff volumes,

empirical extraction coefficients, and pesticide concen-
trations within the surface layer of the soil, assuming a MATERIALS AND METHODS
fixed mixing depth at the soil surface. For GLEAMS,

Field Experiment and Runoff Collectionthe mixing depth is 10 mm. For PRZM2b, it is the
Detailed description of the field experimental design hastopmost, user-defined soil layer, usually 10 mm or less.

been reported elsewhere (Sumner et al., 1996; Ma et al., 1998;For PRZM3, a nonuniform mixing submodel (Ahuja,
Wauchope et al., 1999). Briefly, two 14.6- by 42.7-m plots (A1986) is used in which the mixing depth is 20 mm and
and B) were defined within a field in 1992. Tillage and cornthe extent of mixing decreases exponentially with depth.
management followed normal practices for the region. TheOpus uses an effective mixing depth which is a user-
field was disked twice to a 15-cm depth in January; deep-defined fraction of the top 10-mm soil layer. turned to 30 cm with a moldboard plow, and the beds shaped

The crop growth models employed by GLEAMS, with a light harrow in April; see Wauchope et al. (1999) for
Opus, PRZM2b, and PRZM3 are empirical in nature. further details. Each plot had eight 1.8-m wide beds divided
Processes such as major management practices and till- by wheel tracks. Each bed had two rows of corn 0.9 m apart.

Plots were separated from each other and from the outsideage operations are explicitly defined in GLEAMS and



MA ET AL.: CHEMICAL TRANSPORT MODEL PREDICTIONS OF ATRAZINE RUNOFF 2073

Fig. 2. Measured and predicted surface water runoff by GLEAMS, Opus, and PRZM3 models during 2 yr of corn growing seasons from two
mesoplots on the Tifton loamy sand from 1992 to 1993.

areas by 18 m with soil preparation and corn management as canopy interfaced with the measurements. Event 1 occurred
1 d after moldboard plowing and shaping soil beds 7 d beforewithin the plots. The soil was Tifton loamy sand with 3% of

slope parallel to the rows. planting each year. Event 2 occurred 1 d after rototilling,
planting, and atrazine application (downdraft spray broadcastSoil properties were obtained from 24 pedon samples taken

along four down-slope transects of the plots. Saturated hydrau- onto the surface applying 1.87 kg atrazine ha21 in 370 L water
ha21). This occurred on Day 105 and 107 in 1992 and onlic conductivity was measured with undisturbed cores (60-mm

i.d., 89-mm height) by the constant head method of Klute and Days 103 and 105 in 1993 for the first and second replicates,
respectively. Event 2 is effectively a worse-case or severe sce-Dirksen (1986), with the modifications suggested by Hill and

King (1982). These cores were then used for measuring soil nario for atrazine runoff. Events 3 and 4 occurred with sparsely
covered canopy and crusted soil surface 14 d and 28 d afterbulk density and water retention characteristics. Soil water

content at 33 and 1500 kPa suctions were measured in pressure planting, respectively. Events 5 and 6 occurred with full corn
canopy 50 and 100 d after planting, respectively.chambers from loose soil. Particle size distribution and organic

carbon content were determined by the methods of Day (1965) Surface runoff was measured with a flume and bubble pres-
sure recording depth meter (Wauchope et al., 1999). Onlyand Walkley-Black (Nelson and Sommers, 1982), respectively.

These values are summarized in Table 1. runoff from simulated rainfall events was measured during
the entire period of study. Runoff samples were analyzed forSix simulated rainfalls (25 mm h21 for 2 h each) were applied

to each plot at times ranging from preplanting to full canopy atrazine using high performance liquid chromatography or gas
chromatography. Daily climatic data including natural rainfallcover, using a mesoplot rainfall simulator (Sumner et al., 1996)

in each of 2 yr 1992 and 1993. A rainfall amount and intensity (Fig. 1), temperature, radiation, wind speed, relative humidity,
and pan evaporation were measured near the site. Simulatedof this magnitude occurs with a return frequency of approxi-

mately once per year in the southeastern USA, based on our rainfall was combined with measured natural rainfall on that
day as the daily total in model predictions. Crop-related modelanalysis of 15-min rainfall records from 1985 to 1994 (data

not shown). Each plot was irrigated separately as an indepen- inputs including dates of emergence, maturity and harvest and
plant height at maturity (2.2 m) were measured on the site.dent unit. Seventy-two catch-up cups (90-mm i.d., 140-mm

height) and two standard rain gauges were used to measure Plant uptake of atrazine was ignored for all models because
corn was still very small when atrazine concentration in runoffactual rainfall intensity and amount (Table 2) for all but the

last two simulated rainfall events for which the fully developed solution went below the analytical detection limit of 1.0 mg
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Fig. 3. Effects of the ‘special actions’ options on surface water runoff predictions by PRZM3.

L21. The erosion simulations were also ignored. This would on 1 June of each year when full corn canopy (1.2-m tall corn)
was developed. This value was obtained by minimizing thenot cause noticeable influence on atrazine runoff predictions

since 99% of atrazine runoff occurred in solution (Kenimer differences between measured and predicted water runoff us-
ing data collected from plot-A in 1992. Therefore, this modifi-et al., 1987; Pantone et al., 1992; Basta et al., 1997).
cation is a calibration process. An effective rooting depth of
1.1 m for corn was chosen due to a flow-restricting layerParameterization of GLEAMS, Opus, PRZM2b, starting at this depth (Table 1). The modified Penman-Mon-

and PRZM3 teith combination equations (Jensen et al., 1990) in GLEAMS
and the Penman equation in Opus were used for estimatingSoil water retention data were fitted by the modified Brooks
potential evapotranspiration. For PRZM2b and PRZM3,and Corey functions (Brooks and Corey, 1964; Smith, 1992)
measured pan evaporation was used.to obtain the Brooks and Corey parameters and soil water

Values for soil organic carbon sorption constant for atrazinecontents at saturation (0 kPa), at field capacity (33 kPa), and
(100 L kg21), and atrazine dissipation half-life in the field soilat wilting point (1500 kPa). A curve number of 85 was reported
(60 d) were obtained from a previous study on the site (Mafor a nearby site on a similar soil (Knisel et al., 1991), and
et al., 1996). The activation energy (34.6 kJ mol21) requiredthrough sensitivity analysis on the same hydrology data as
by Opus was obtained from Rocha and Walker (1995).used in the current study, this value was found to give accept-

able runoff predictions (Ma et al., 1998). This value for Tifton
loamy sand on the experimental site is complicated by surface Sensitivity Analysiscrusting and sealing and transient perched water conditions
at subsurface horizons. The ‘‘special actions’’ feature of Sensitivity analysis in the current study is focused on the

effective mixing depth for chemical transfer to surface runoffPRZM2b and PRZM3 were used to modify the soil surface
conditions caused by canopy development. The modified pa- and the kinetic sorption rate coefficient. These parameters

are difficult to measure but may be important for accuraterameter was curve number which had a new value of 69 starting
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Fig. 4. Measured and predicted atrazine concentrations in runoff solution by GLEAMS, Opus, PRZM2b and PRZM3 during 2 yr of corn
growing seasons from two mesoplots on the Tifton loamy sand from 1992 to 1993.

runoff predictions. Sensitivity of the model predictions to soil RESULTS AND DISCUSSION
hydraulic parameters was presented by Smith (1993) for Opus

Measured and Predicted Surface Water Runofffor a set of assumed scenarios and by Ma et al. (1998) for
GLEAMS, Opus and PRZM2 using the same hydrology data Measured surface water runoff from all 24 runoff
as used in this study. Therefore, they are not repeated here. events for the four plot-years, reported previously by
Briefly, runoff predictions by all models were very sensitive Ma et al. (1998), was compared (Fig. 2). The runoff
to curve number. In addition, runoff predictions by GLEAMS observed at different times over the seasons reflects theand PRZM were also sensitive to soil water contents at field

effects of tillage operations, surface crusts and seals,capacity and wilting point. The geometric mean and arithmetic
corn canopy, and rainfall and runoff history on runoffmean of the measured Ks were compared using the Opus
generation. Measured water runoff averaged 20% ofmodel to examine their influences on runoff predictions, as
the applied rainfall overall. Events 1 and 2 generatedboth means were reported in the literature.
less runoff because these events occurred on freshly
tilled soil with a high infiltration rate. Events 3 and 4Criteria for Goodness of Fit
had high runoff because the soil was crusted, greatly

The normalized root mean square error (Loague and reducing infiltration rate. Runoff decreased for Events
Green, 1991), which counts errors of both overpredictions and 5 and 6 because the growing corn canopy increasingly
underpredictions, was used for evaluations of surface water intercepted rainfall and caused “stem flow.”runoff. A paired t-test was also used where applicable since

Runoff predicted by GLEAMS, Opus (Ma et al.,this test does not require an equal variance assumption. We
1998), PRZM2b1, and PRZM3 generally followed theused the commonly accepted criterion proposed by Parrish
seasonal pattern of the observations (Fig. 2). Sinceand Smith (1990), that acceptable model predictions should
PRZM2b predicted the same surface water runoff asbe within a factor of two of the measurements, for atrazine

runoff evaluations. This criterion was originally proposed for
evaluating model predictions for chemical concentration pro- 1Simulations were also run for a previous version of PRZM,
files in soils, but it is equally applicable for comparing pesticide PRZM2 (Mullins et al., 1993). PRZM2 predicted different water run-
concentrations in runoff. We accepted a 0.05 level of signifi- off than did PRZM2b (Ma et al., 1998), which essentially predicted

the same runoff as PRZM3.cance unless otherwise specified.
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Fig. 5. Measured and predicted atrazine mass losses in runoff solution by GLEAMS, Opus, PRZM2b and PRZM3 during 2 yr of corn growing
seasons from two mesoplots on the Tifton loamy sand from 1992 to 1993.

PRZM3, it was eliminated from Fig. 2. The normalized cally significant (P 5 0.63), and the calculated NRMSEs
were 29% using either Ka

s or Kg
s. Thus Opus was notroot mean square error (NRMSE) for the 24 events

was 29% for GLEAMS, 29% for Opus, and 31% for sensitive to Ks when the daily hydrology option was
PRZM2b and PRZM3 (with the “special actions” fea- used. These results are consistent with those of a previ-
ture implemented, see below). Thus, all four models ous study (Ma et al., 1998). Therefore, Kg

s is used in the
reasonably simulated water runoff. remaining Opus simulations.

When individual event predictions are compared with
observations, GLEAMS and Opus generally overpre- Measured and Predicted Atrazine
dicted runoff when measured runoff was low and under- Concentrations and Loads in Runoff
predicted runoff when it was high. This is primarily a

Since all four models gave reasonable simulations ofresult of limitations imposed by the curve number
water runoff, we proceeded with comparison of atrazinemethod which lumps the most important factors control-
runoff (Fig. 4). Measured atrazine concentrations in run-ling runoff, namely seasonal changes in canopy develop-
off were above the analytical detection limit of 1.0 mgment and soil conditions. PRZM2b and PRZM3 better
L21 for the first three runoff events after atrazine appli-predicted high and low runoff, when the ‘special actions’
cation, and only these events are used for atrazine com-feature of the models was used to correct for the effect
parisons. For runoff events which occurred 1 d afterof canopy cover on runoff predictions. Without this cor-
atrazine application (first post-treatment events), therection, both PRZM2b and PRZM3 predicted a very
average of the ratios of GLEAMS-predicted to mea-different runoff pattern over the season, as is shown in
sured atrazine concentrations in runoff was 0.85, indicat-Fig. 3 for Plot A in 1992 and 1993. Similar results were
ing that GLEAMS reasonably predicted atrazine con-obtained for other plot-years (not shown).
centrations for these runoff events on the basis of theSince the arithmetic mean Ks (Ka

s) was significantly
Parrish and Smith’s “within 23” criterion. For runoffgreater (P 5 0.02) than the geometric mean Ks (Kg

s) for
events occurring later in the season, the ratio ofall soil horizons (Table 1), Opus predicted more runoff
GLEAMS-predicted to the measured atrazine concen-when Kg

s was used than when Ka
s was used. However,

the differences in runoff predictions were not statisti- trations in runoff varied between 0.15 and 1.73. Larger
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Fig. 6. Measured and Opus-predicted atrazine concentrations in runoff solution with equilibrium adsorption submodel as compared with uncali-
brated and calibrated kinetic sorption submodel.

deviations occurred mostly during the second runoff tivity analysis for PRZM2b for the mixing depth demon-
strated that the model would still significantly overpre-event after atrazine application. The average ratio over

all postapplication events was 0.72. dict atrazine runoff when the mixing depth was reduced
by 2-fold to 5.0 mm (not shown). This supports theWith the linear equilibrium adsorption submodel (Eq.

[1]), Opus reasonably simulated atrazine concentrations conclusion that the model’s default extraction coeffi-
cients were too large.in runoff (Fig. 4), especially for the first posttreatment

events: the ratios of the predicted to the measured con- For PRZM3, the average of the ratios of predicted
to the measured atrazine concentrations in runoff wascentrations averaged 0.9. The ratio varied between 0.76

and 6.26 over all runoff events with an average of 2.0. 1.46 for the first posttreatment events and varied be-
tween 0.35 and 5.48 over all runoff events with an aver-PRZM2b and PRZM3 use very different methods for

calculating chemical transfer to runoff and predicted dif- age of 1.73. Therefore, PRZM3 adequately predicted
atrazine concentrations and the nonuniform mixing sub-ferent chemical concentrations in runoff. For PRZM2b,

the average of the ratios of predicted to the measured model employed in PRZM3 appears to have consider-
ably improved predictions as compared with the uni-atrazine concentrations in runoff was 5.84 for first post-

treatment events and the average was 6.72 over all run- form mixing submodel in PRZM2b.
Measured seasonal atrazine runoff load averagedoff events. Thus, PRZM2b generally overpredicted atra-

zine concentrations. Since the mixing depth for atrazine over the four plot-years was 2.7% of the amount applied.
The maximum in any plot-year was 3.3%. These valuestransfer to runoff was the same for GLEAMS and

PRZM2b and since both models adequately predicted are consistent with field-scale studies (Wauchope, 1978;
Basta et al., 1997). Predicted seasonal loads were 2.1%surface water runoff, the overpredictions by PRZM2b

suggest that the extraction coefficient for the chemical by GLEAMS, 2.5% by Opus (with equilibrium adsorp-
tion), 15.0% by PRZM2b, and 3.4% by PRZM3. Whentransfer to runoff, a value that is fixed specifically for

a group of chemicals in the model, is too large. A sensi- compared for individual runoff events between observa-
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tions and model predictions, the errors in atrazine mass in the first post-treatment events were adequately pre-
dicted by GLEAMS, Opus (with equilibrium adsorp-loss predictions are similar in trend to those in concen-

trations (Fig. 5). Except for PRZM2b, these are excel- tion) and PRZM3, but greatly overpredicted by
PRZM2b. Poor predictions by PRZM2b are presum-lent results. Measured atrazine runoff from the first

posttreatment events averaged 89% of the seasonal to- ably due to an unrealistic mixing model, which has been
substantially corrected in PRZM3 by use of the nonuni-tal. It is clear that agricultural management practices

desired for controlling pesticide runoff losses should form mixing model of Ahuja (1986).
focus on these early runoff events. GLEAMS, Opus
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